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Abstract

Rational design of electrode materials with specific compositions and unique morphological and
structural features to achieve supercapacitors (SCs) with high energy densities without
compromising their inherent electrochemical merits remains a great challenge. Herein, a carbon
nitride (CsN4) mediated “one-for-two” strategy was proposed to synthesize titanium nitride/carbon
nanosheets (TiN/C) and titanium carbide/carbon nanosheets (TiC/C) with three-dimensional

morphology and hierarchical structure, respectively. The derived TiN/C and TiC/C were used as
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cathode and anode materials, respectively, with excellent capacitor behavior in agueous electrolyte.
Specifically, asymmetric SCs constructed with the TiN/C cathode and the TiC/C anode delivered
a large operation voltage of 0.3—1.8 V, a high specific capacitance of 103 F-g*, and a remarkable
energy density of 45.2 Wh-kg™, outperforming most of the previously reported TiN- and TiC-
based SCs. Ex situ XRD and TEM characterizations as well as DFT simulation indicated that the
excellent performance could be attributed to reversible pseudocapacitive redox reaction and
electro-adsorbed anions at the TiN/C cathode, and fast adsorption/desorption of cations at the
TiC/C anode, as well as unique surface morphology and heterostructure. The strategy presented in
this work also provides new design concepts for the synthesis of other transition metal nitrides (or

carbides)/carbon composites for other advanced energy applications.
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1. Introduction

The limited fossil fuel reserve, the growing environmental problems, as well as the increased
use of electric vehicles and wearable/portable electric devices have led to great interest in
developing energy storage and conversion systems.[1, 2] Supercapacitors (SCs) are attractive due
to their larger specific capacitance than the traditional capacitors, higher rate ability and better
cycling durability than conventional batteries.[1] Despite these advantages, SCs often suffer from
relatively low energy density, which limits their broad and practical applications.[3, 4] Increasing
specific capacitance and/or enlarging operating voltage are the straightforward approaches towards

achieving SCs with the desired energy density. In this respect, new design and rational construction



of asymmetric SCs with advanced cathode and anode materials could be highly effective in
boosting the energy density in two aspects: (1) extending the voltage through asymmetric SC
configuration, and (2) enhancing specific capacitance of both cathode and anode via advanced

functional nanomaterials.

To date, substantial research efforts have been devoted towards developing pseudocapacitive
materials due to their attractive intrinsic physicochemical properties, such as high theoretical
capacitance and chemical stability. However, majority of these traditional pseudocapacitive
materials (e.g., metal oxides, metal hydroxides and conducting polymers) usually encounter some
drawbacks, such as relatively poor rate capability caused by their low conductivity and poor
cycling stability, which hinder their practical implementations.[5, 6] On the other hand, transition
metal nitrides and carbides (e.g., VN, NbsNs, MoN, Mo.C, NbC, V>C and WC) represent an
emerging class of pseudocapacitive materials.[7-11] In particular, titanium nitride (TiN) and
carbide (TiC) are very attractive due to their unique properties, such as large theoretical
capacitance, high electronic conductivity, and excellent thermal stability.[10-14] However, the
short cycle lifetime and mediocre specific capacitance have impeded their applications.[15-17]
Strategies to overcome these drawbacks have been developed with varying degrees of success, but
the electrochemical performance remains unsatisfactory.[18, 19] Hence, it would be of great
interest to develop better TiN and TiC electrode materials to address the aforementioned issues,

and achieve SCs with excellent performance.

Besides the intrinsic properties of the electrode materials, the supercapacitive performance is
dependent on the morphology, surface chemistry and porosity of the materials.[20] These
physicochemical characteristics have significant impact on the active sites, ion transport, electron

transfer, and active material utilization, which are strongly associated with the electrochemical



performance (e.g., capacitance, rate capability and cycle stability) of the pseudocapacitive
materials.[2, 5, 6] Development of electrode materials with unique morphological and structural
features can significantly boost their capacitor behavior. Moreover, incorporation of advanced
carbon materials (especially heteroatom-doped carbon materials) into the pseudocapacitive
materials can endow the electrode materials with enhanced ion/electron conductivity and
wettability, larger electrolyte contact area, and better mechanical stability, [1, 9, 16, 21] thereby

improving their electrochemical performance.

Based on the above considerations, a carbon nitride (CsN4) mediated “one-for-two” strategy has
been developed to synthesize TiN/C nanosheets and TiC/C nanosheets as electrode materials with
unique three-dimensional (3D) morphology and hierarchical nanostructure. Compared to the
previously reported cathode and anode materials prepared by the traditional method starting from
two different precursors,[22] our two electrodes derived from the same precursor would not only
share similar morphological and structural characteristics, but also provide synergistic effects to
enhance their respective physicochemical properties, bringing about unique characteristics and
excellent electrochemical performance. The TiN/C cathode and TiC/C anode materials led to an
asymmetric SC with a large potential window of 0.3-1.8 V, a high specific capacitance of 103 F-g
! and an energy density of 45.2 Wh-kg, which were superior to most reported TiN- and TiC-
based SCs. This “one-for-two” design strategy can also be extended to the design and synthesis of
other transition metal nitride and carbide materials for a diverse range of energy storage and

conversion applications.

2. Results and discussion

2.1. Titanium Nitride/Carbon Nanosheet (TiN/C) Cathode



The preparation of TiN/C nanocomposite is illustrated in Figure 1a. Briefly, CsN4 nanosheets
were first synthesized by calcination of urea in air, followed by ultrasonic exfoliation (Figures Sla
and S2). Titanium butoxide was then added to the CsNa/tetrahydrofuran (THF) dispersion under
rigorous stirring. THF solvent was subsequently removed by evaporation, and the resulting
mixture was heat-treated in an inert argon atmosphere. TiN/C nanocomposite was obtained upon
cooling the sample to room temperature (Figure S1b). By controlling the calcination temperature,
TiC/C nanocomposite could also be achieved using a similar process (Figure S1c). In this “one-
for-two” strategy, CsN4 functioned as a mediating agent, which not only served as the gas source
of nitridation by self-decomposition to facilitate the synthesis of TiN/C, but also acted as the
carbon source for preparing TiC/C through carbothermal reaction. As shown in Figure 1b, TiN/C
nanocomposite has a nanosheet-like morphology with typical folding and wrinkling features,
forming a unique interconnected 3D structure that could facilitate electrolyte ion access and
shorten ion diffusion distance. Low-resolution transmission electron microscopy (TEM) images
(Figures 1c and d) reveal that the ultrafine TiN nanoparticles were anchored on carbon nanosheets,
which would provide better contacts, more charge storage active sites, and faster electron transfer
pathways. This unique structure also would help to maintain the structure integrity of TiN during
cycling. High-resolution TEM (HR-TEM) images (Figures 1e and f) show lattice fringes with a
lattice spacing of 0.243 nm (Figure 1g), which was assigned to the (111) crystalline plane of TiN.
Energy dispersive X-ray (EDX) spectroscopy illustrates the uniform distribution of each element
in the TiN/C nanocomposite (Figure 1h).

Powder X-ray diffraction (XRD) pattern of TiN/C nanocomposite (Figure 2a) showed peaks at
36.6°, 42.7°, 61.8°, 74.2° and 78.3°, which corresponded to the cubic TiN phase (JCPDS 38-

1420).[10, 11] The broad diffraction peak at 23.6° could be assigned to the (002) plane of carbon



nanosheets derived from C3N4.[23] A small peak was noted at 69.2°, which could be attributed to
a trace amount of TiOz in the TiN/C nanocomposite arising from surface passivation of TiN.[24]
The average crystallite size of TiN calculated with Scherrer’s equation was ~ 3.2 nm for the (200)
peak, which agreed well with the TEM results. Raman spectrum of TiN/C nanocomposite (Figure
2b) showed three peaks at 257, 426 and 602 cm™, which could be attributed to TiN, reflecting the
presence of Ti and N ion vacancies in TiN. [25] The other two Raman peaks at 1354 and 1583 cm"
! were associated with the D and G bands of carbon nanosheets. The intensity ratio (Io/lc = 1.02)
indicated the existence of rich defects in the carbon nanosheets.[26] X-ray photoelectron
spectroscopy (XPS) of TiN/C nanocomposite showed peaks associated only with Ti, N, C and O
elements in the survey spectrum (Figure 2c). The Ti2p core-level spectrum could be deconvoluted
into six peaks (Figure 2d) at 455.8 and 461.5 eV (assigned to Ti-N), 457.1 and 463.2 eV (assigned
to O-Ti-N), and 458.1 and 464.6 eV (assigned to Ti-0).[24, 27-29] The presence of Ti-O could be
associated with the trace amount of TiO2 or TiOxNy on TiN surface due to surface passivation.[10,
11] The N1s core-level spectrum was deconvoluted into five peaks at 396.2, 397.6, 398.7, 400.3,
and 401.4 eV (Figure 2¢), which could be assigned to Ti-N, O-Ti-N, pyridinic-N, pyrrolic-N, and
graphitic-N, respectively. These vacancies/defects in TiN combined with heteroatom doping in
carbon nanosheets could enhance the electrochemical performance of TiN/C nanocomposite by
improving the wettability and providing more anchoring sites for electrolyte.[30, 31] TiN/C
nanocomposite has a type-IV nitrogen adsorption-desorption isotherm (Figure 2f). It has a high
Brunauer-Emmett-Teller (BET) specific surface area of 429.5 m?.g™%, a large pore volume of 1.43
cm?-g%, and an average pore size of 10.9 nm (inset of Figure 2f). These would not only offer more

active sites and promote more electrolyte ion adsorption, but also provide a more effective pathway



for electrolyte access and transport, thereby improving the electrochemical performance of TiN/C.
[32]

Electrochemical behavior of the TiN/C composite was evaluated by cyclic voltammetry (CV)
and galvanostatic charge/discharge (GCD) techniques. The CV curves remained quasi-rectangular
in shape with gradually increasing scan rates (Figure 2g), indicating an ideal capacitive behavior
and a good rate capability for the TiN/C nanocomposite. The GCD curves exhibited symmetrical
triangle shapes and showed a linear relationship between potential and time (Figure 2h). There was
no obvious “IR drop” in the initial section of the GCD curve, indicating that the internal resistance
of the TiN/C electrode was small. The capacitance of the TiN/C nanocomposite calculated from
the discharge curve was as high as 287 F-g' at 1 A-g*, which was much higher than for
commercial TiN (Figure S3) as well as outperforming those reported previously results (e.g.,
mesoporous TiN spheres,[33] TiN/C fiber,[34] TiN/VN core-shell composite,[35] core-shell
TiN/VN fiber,[36] chrysanthemum-like TiN,[10, 11] MnO2/TiN composite,[37] and TiN/graphene
nanosheets [19]). The specific capacitance of the TiN/C electrode decreased with increasing
current density (Figure 2i), which was attributed to the insufficient time for the diffusion and access
of electrolyte. [38, 39] However, TiN/C nanocomposite retained ~ 60% of its specific capacitance
when the current density was increased from 1 A-g* to 10 A-g?, illustrating its good rate
performance. Electrochemical impedance spectroscopy (EIS) was used to evaluate the interface
dynamic behavior of the TiN/C electrode. The Nyquist plot consisted of a small quasi-semi-circle
and a straight line (Figure S4). The first intercept of the quasi-semi-circle with the real axis was
1.3 Q, and the diameter of the quasi-semi-circle was 3.6 Q, indicating relatively small equivalent

series resistance and charge transfer resistance, respectively. The slope of the straight line in



Nyquist plot was almost perpendicular to the real axis, reflecting the fast ion diffusion and superior
capacitive behavior of the TiN/C nanocomposite cathode.

To better understand the electrochemical performance of the TiN/C nanocomposite electrode,
density functional theory (DFT) calculations were performed to elucidate the electronic structure,
interfacial charge transfer, and ion diffusion barrier of the nanomaterial (Figure 3). TiN/C
nanocomposite was modelled as the heterostructure of TiN and N-doped carbon nanosheet, as
shown in the inset of Figure 3b. Here, the TiN (001) lattice plane was chosen for calculations
because it was the most stable and easily exposed surface based on the reported literature. [10-14]
Compared with the density of states (DOS) of the pure TiN structure (Figure 3a), the TiN/C
heterostructure (Figure 3b) has a larger electronic DOS in the valence band near the Fermi level
(0 eV). This indicates that the electrical conductivity of the TiN/C nanocomposite was enhanced
due to the orbital re-hybridization induced by the coupling between TiN and N-doped carbon
nanosheet. Notably, the interfacial charge density revealed that there were strong interfacial
interactions between TiN and N-doped carbon nanosheet as well as substantial charge transfer
from TiN to the nanosheet (Figure 3c), which provided low interfacial resistance for electron
transport, enhanced charge transfer capability, and favored the improvement of electrochemical
properties.[5, 6, 12-14] Furthermore, considering that the electrode capacitance, also known as
quantum capacitance, was proportional to the DOS, the larger DOS at the Fermi level
corresponded to larger electrode capacitance for the TiN/C nanocomposite. In addition, to evaluate
the mobility of electrolyte ions on these nanomaterials, the ion diffusion barriers were calculated
(Figures 3d—f). It was found that the diffusion barrier of SO4? was 0.79 eV on pure TiN. In contrast,
it was 0.04 eV on the TiN/C nanocomposite (Figure 3f). This verified better ion transport on the

TiN/C nanocomposite, thus ensuring its good rate capability and high-power density. The DFT



results showed that the TiN/C nanocomposite was a promising cathode candidate for
supercapacitor due to its large quantum capacitance, enhanced electrical conductivity, and small
ion diffusion barrier, which were in good agreement with our experimental results and conclusion.
2.2. Titanium Carbide/Carbon Nanosheets (TiC/C) Anode

The as-prepared TiC/C nanocomposite showed a 3D interconnected structure (Figure 4a) that
consisted of nanosheets with highly wrinkled surface (Figure 4b). Its microstructure and
morphology were similar to that of the TiN/C nanocomposite due to the proposed “one-for-two”
strategy. The TiC nanoparticles were uniformly decorated on the carbon nanosheets (Figures 4c
and d), which provided more TiC interfaces, offered more electrolytes contact area and exposed
more electrochemically active sites. HR-TEM image (Figure 4e) showed lattice fringes with
interplanar spacing of ~ 0.211 nm (Figure 4f), which was attributed to the (002) lattice plane of
TiC. EDX elemental mapping (Figure 4g) confirmed the uniform distribution of each element in
the TiC/C nanocomposite.

XRD diffraction peaks located at 36.5°, 42.5°, 61.6°, 74.0°, and 78.1° in Figure 5a were indexed
to cubic TiC phase.[21] The broad peak at 23.9° could be attributed to the (002) plane of the carbon
nanosheets derived from CzNs. These results confirmed that TiC/C nanocomposite was
successfully prepared from CsNa, which acted as the carbon source for the carbothermal reaction
as well as the precursor of the carbon nanosheets. Figure 5b shows that TiC/C has three Raman
peaks in the range of 260 to 610 cm™, which corresponded to TiC. [40] The other two strong
Raman peaks at 1358 and 1588 cm™ were D and G bands related to the sp® carbon with defects
and the sp? graphitic carbon, respectively.[41, 42] The Io/Ig ratio of 0.93 indicated that the presence
of rich defects within the carbon nanosheets. The XPS survey spectrum of TiC/C nanocomposite

showed only peaks associated with Ti, C, N and O elements (Figure 5¢). XPS Ti2p core-level



spectrum was fitted with six peaks (Figure 5d), which were ascribed to Ti-C bonds (454.6 and
460.3 eV), O-Ti-C bonds (455.6 and 461.5 eV) and Ti-O bonds (457.8 and 463.7 eV).[43] The
C1s XPS spectrum was deconvoluted into five peaks at 282.2, 284.6, 285.6, 288.2, and 291.1 eV
(Figure 5e), which could be assigned to C-Ti, C-C, C-N or C-O, C=0, and mn-n*,[43, 44]
respectively. The oxygen-related bonds and defects in the TiC/C nanocomposite could improve
the wettability and provide additional pseudocapacitive contribution through Faradaic redox
reactions. The TiC/C nanocomposite has a very high BET surface area (404.7 m?-g™) and a broad
pore size distribution (Figure 5f). The macropores within this hierarchical porous structure could
serve as electrolyte reservoir and facilitate access of electrolyte, while the mesopores could provide
more electrolytes contact area, acting as pathways for ions and shortening ion diffusion distance.

TiC/C nanocomposite electrode showed good capacitive behavior as indicated by the near-
rectangular CV curves (Figure 5g) and the symmetrical triangle GCD curves (Figure 5h). From
the discharge curve, the TiC/C composite achieved a specific capacitance as high as 460 F-g™ at 1
A-g?, 82% of this specific capacitance was retained even at 10 A-g* (Figure 5i), implying its
superior rate performance. The specific capacitance of our TiC/C nanocomposite was much better
than or comparable to the commercial TiC (Figure S5) and other reported TiC-based electrodes,
such as TiC/C composite,[45] TiC/C hybrid nanofiber,[46] TiC hollow fiber-nanotube
electrode,[18] and TiC hollow sphere,[47] indicating its potential as a promising electrode material
for SCs. The Nyquist plot of TiC/C nanocomposite was composed of a small quasi-semicircle and
an almost vertical line (Figure S6), demonstrating low equivalent series resistance (1.2 Q), small
charge transfer resistance (2.7 Q) and fast ion diffusion.

To further understand the superior supercapacitive performance of the TiC/C nanocomposite

electrode, DFT calculations were performed to investigate the electronic structure, interfacial
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charge transfer, and ion diffusion barrier in this composite (Figure 6). Herein, the most stable TiC
(001) lattice plane was used. It was found that the TiC/C heterostructure (Figure 6b) has a relatively
larger electronic DOS in the valence band near the Fermi level as compared to that of pure TiC
(Figure 6a). This indicated that the coupling between TiC and N-doped carbon nanosheet benefited
the formation of hybridization orbital and resulted in charge redistribution (Figure 6¢), which could
accelerate the electron transport, improve the electrical conductivity, and boost the electrode
capacitance. In addition, the calculated diffusion barrier of Na* on TiC/C nanocomposite (0.03 eV)
(Figures 6d and f) was smaller than that on pure TiC (0.09 eV) (Figures 6e and f). This indicated
smaller charge transport resistance in the TiC/C nanocomposite, thereby ensuring its better
electrochemical performance in terms of power density and rate capability. The DFT results
showed that the TiC/C nanocomposite was a promising anode candidate for supercapacitor, which
was consistent with our electrochemical results.
2.3. Characterization of TiC/C//TiN/C Asymmetric Supercapacitors

A standard coin-cell type asymmetric SCs was assembled with TiN/C as cathode and TiC/C as
anode to evaluate the practical application of these nanocomposites. The independent CV curves
in half-cell (Figure 7a) showed that the maximum operating voltage of the TiC/C//TiN/C
asymmetric SCs should be from 0.3 to 1.8 V. As the charge balance required for the cathode and
anode of asymmetric SC device, the mass ratio of TiN/C cathode and TiC/C anode to maximize
energy density was 1.4. The CV profiles were almost rectangular in shape (Figure 7b),
demonstrating the typical capacitor behavior of the device, as well as its fast ion transport and
electron transfer. The nearly symmetrical triangular GCD curves (Figure 7c¢) and the absence of
obvious “IR drop” further indicated the typical capacitor behavior of the device and its small

internal resistance. The capacitance of the cell calculated from the discharge curve was 103 F-g*

11



at 0.5 A-g* (Figure 7d). Even with an increase of 20x in the current density (to 10 A-g ), ~ 70%
capacitance was successfully retained (73 F-g™2).

The device kept 83% of its initial capacitance after 4000 cycles (Figure 7e), indicating excellent
cycling stability of the asymmetric SC. As shown in EIS plot (Figure 7f), the equivalent series
resistance (Rs) underwent almost no change, while electrochemical charge transfer resistance (Rct)
slightly increased after cycling, which probably resulted from the loosening of active materials
during cycling. To confirm this, the TiN/C cathode and the TiC/C anode were investigated by
TEM and EDX mapping after cycling. Figures S7 and S8 showed that there was no obvious
morphological change, and the TiN and TiC nanoparticles remained strongly anchored onto the
carbon nanosheets after cycling the respective nanocomposites. Also, the crystal structure and the
uniform elemental distribution were retained for the nanocomposites. Ragone plot (Figure 79)
showed that the device delivered a maximum energy density of 45.2 Wh-kg™ at 535.3 W-kg™ and
demonstrated a high energy density of 31.9 Wh-kg™ even at a power density as high as 9570 W-kg"
! These results were comparable or superior to other metal nitride/carbide-based asymmetric SCs
or symmetric SCs, such as TiN/C//MnO2 (17.2 Wh-kg™ at 70 W-kg™),[48] TiN//TiN (5 Wh-kg™*
at 1800 W-kg™h),[49] TiN/Fe;03//TIN/MnO, (71.2 Wh-kg? at 499.8 W-kg?),[50]
TiC/Ni1zPs//TiC/Ni12Ps (42.6 Wh-kg™ at 1550 W-kg™), [51] TiC/Fe203//TiC/MnO; (23.9 Wh-kg"
1 at 5400 W-kg™).[52] The assembled pouch cell successfully powered an electric stopwatch
(Figures 7h—i and Figure S9a,) for ~1800 s and a mini-fan (Figure S9b) for ~50 s, demonstrating
its practical application as a power source.

The remarkable electrochemical performance of the TiC/C//TiN/C asymmetric SC could be
attributed to the synergistic effect of the compositions, morphology, and microstructure of the

nanocomposite electrodes. The unique 3D hierarchical nanostructures consisting of carbon
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nanosheets and active nanoparticles could serve as an electrolyte reservoir and reduce the ion
diffusion distance. The carbon nanosheets acted as an ideal support for the high dispersion of active
materials (i.e., TiN, TiC) and enabled fast electron transfer. They also minimized the detachment
of the active materials during cycling. The nanoparticles of TiN, TiC offered more contact area
and exposed active sites with electrolyte, thereby enhancing their electrochemical performance.
The presence of oxygen-related bonds and defects facilitated the wettability of electrode materials
and provided additional pseudocapacitive contribution. The TiN-TiC cathode-anode couple
derived from the same precursor enlarged the potential window, thus improving the
electrochemical performance.

To better understand the energy storage mechanism of the asymmetric TiC/C//TiN/C SC and
promote the development of high-performance asymmetric SCs and hybrid SCs, it is important to
have an in-depth investigation of the charge stored at each side. The electrochemical results of the
half cell and full cell studies showed that the energy storage mechanisms for cathode and anode
during charge/discharge processes were different because they involved two types of ions. This
has significant effects on device performance, such as the working potential window and the
specific capacitance. When the SC was in the charge state, the TiN/C cathode would correspond
to the adsorption of SO+ at the electrode/electrolyte interface, whereby oxygen atoms in SO4*
would interact with titanium atoms in the TiN/C composite through covalent bonds.[32, 53, 54]
On the other hand, the TiC/C anode would undergo a fast and reversible redox reaction,
accompanied by the formation of NaxTiC on its surface.[32, 55, 56] During the discharge process,
the SO4% adsorbed at the TiN/C cathode interface would desorb and move back to the electrolyte
bulk, and the opposite redox reaction would occur at the TiC/C anode side, accompanied by the

reversible desorption of Na*.
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Ex situ XRD studies were conducted to verify the energy storage mechanism occurring at
cathode and anode sides of the cell (Figure 8a). To avoid the effect of irreversible reactions
occurring in the first cycle, the XRD patterns (Figures 8b and c) were obtained from the second
cycle. We observed no new diffraction peaks, and only slight shifts in diffraction peaks (e.g., (200)
peak) toward a higher angle for the TiN/C cathode when the voltage was charged from 0.3 to 1.8
V. This could be due to the deviation of electron cloud between titanium atoms in the TiN/C
nanocomposite and oxygen atoms in SO42" as well as steric effect, [53, 54] causing less electrostatic
repulsion of the neighboring layers. [57, 58] In contrast, the diffraction peaks shifted gradually to
a lower angle during the discharge process. This indicated that the adsorption/desorption of SO4*
was a reversible structural evolution process. The contraction/expansion in the interplanar spacing
was also observed by HR-TEM images under the different potential states (Figures 8d-f).

For the TiC/C anode, a similar trend of diffraction peaks shifting to a higher angle was observed
in the charge process. The contraction of the interplanar distance was attributed to an increase
electrostatic attraction between guest Na* ions and the TiC lattice.[57, 59, 60] During the discharge
process, the (200) peak shifted to a lower angle due to the extraction of Na*. The change in lattice
space was also observed by HR-TEM (Figures 8g-i). These studies demonstrated that the highly
reversible redox reactions occurring at the TiC/C anode side mainly contributed to the charge
storage without causing obvious phase change. Therefore, it was reasonable to conclude that the

charge storage mechanism of the TiC/C//TiN/C device was achieved by combining the reversible
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redox reaction accompanying the adsorption/desorption at the TiC/C anode side, and the fast
adsorption/desorption process at the TiN/C cathode side. Both the cations and anions played
important roles in contributing to the capacitance of the asymmetric SC.
3. Conclusions

A C3Nz-mediated “one-for-two” strategy has been employed to design and synthesize TiN/C
and TiC/C with unique 3D hierarchical nanostructures using Ti(CsH90)4 as the common precursor.
The TiN/C nanocomposite cathode and TiC/C nanocomposite anode both exhibited excellent
capacitor behavior in 0.5 M NaxSO4 electrolyte. The asymmetric TiC/C//TiN/C SC demonstrated
outstanding performance, including large specific capacitance (103 F-g™* at 0.5 A-g™2), high energy
density (45.2 Wh-kg™ at a power density of 535.3 W-kg™?), and attractive rate capability (73 F-g*
at 10 A-g). This asymmetric SC retained 82% of its initial specific capacitance after 4000 cycles,
illustrating long-term durability. The remarkable electrochemical performance of the
TIiC/C/ITIiN/C SC could be attributed to the synergistic effects between the reversible
pseudocapacitive redox reaction occurring at the TIC/C anode side, and the fast
adsorption/desorption of anions at the TiN/C cathode side, as well as the unique nanocomposite
morphologies and heterostructures, and cathode-anode couple design. The “one-for-two” approach
presented herein offers new possibilities for designing advanced electrode materials for energy

storage devices.
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Figure 1. (a) Schematic diagram of the synthesis of TiN/C and TiC/C nanocomposites. (b) SEM
image, (c-f) TEM images, and (g) the corresponding profile of interlayer spacing of the boxed

image in (f), (h) STEM and EDX elemental mapping of TiN/C nanocomposite.
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Figure 2. (a) XRD pattern, (b) Raman spectrum, XPS (c) survey, (d) Ti2p and (e) N1s spectra, (f)
nitrogen adsorption-desorption isotherms and (inset) desorption pore size distribution, (g) CV
curves, (h) GCD curves, and (i) variation of specific capacitance with current densities for TiN/C

nanocomposite.

26



-

00

, Dendity of states (eV™)
, Dendity of states (eV")

(f) —o—TIN
—a— TiN/Carbon Nanosheets

e e
B @
T T

Relative energy (eV)
o
[
T

e
o
T

©Ti ©N Os 00 °Ti ON oC OS 00 1 z Dif%usion“coordisnate 6 7

Figure 3. Density of states and partial density of states of the models of (a) pure TiN and (b) TiN/C
nanocomposite. Insets of (a) and (b) are the corresponding structure of TiN and TiN/C,
respectively. The Fermi level is set at 0 eV. (c¢) Charge density difference plot of the TiN/C
nanocomposite. The yellow and cyan isosurfaces represent charge accumulation and depletion,
respectively. Lowest energy diffusion path of SO4> on (d) pure TiN surface and (e) TiN/C surface.

(f) Diffusion barriers of SO4> on pure TiN surface and TiN/C surface.
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Figure 4. (a) SEM image, (b—e) TEM images and (f) the corresponding profile of interlayer

spacing of the boxed image in (e), (g) TEM and EDX elemental mapping of TiC/C nanocomposite.
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Figure 5. (a) XRD pattern, (b) Raman spectrum, XPS (c) survey, (d) Ti2p and (e) C1s spectra, (f)
nitrogen adsorption-desorption isotherms and (inset) desorption pore size distribution, (g) CV

curves, (h) GCD curves, and (i) variation of specific capacitance with current densities for TiC/C

nanocomposite.
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Figure 6. Density of states and partial density of states of the models of (a) pure TiC and (b) TiC/C
nanocomposite. Insets of (a) and (b) are the corresponding structure of TiC and TiC/C, respectively.
The Fermi level is set at 0 eV. (c) Charge density difference plot of the TiC/C nanocomposite. The
yellow and cyan isosurfaces represent charge accumulation and depletion, respectively. Lowest
energy diffusion path of Na* on (d) pure TiC surface and (e) TiC/C surface. (f) Diffusion barriers

of Na* on pure TiC surface and TiC/C surface.
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Figure 7. (a) CV curves of TiN/C and TiC/C nanocomposite electrodes at 10 mV-s*. (b) CV
curves, (c) GCD curves, (d) rate capability, (e) cycling stability, (f) EIS before and after cycling,
(9) Ragone plot of TiC/C//TiN/C asymmetric SCs. Photographs of pouch cell type TiC/C//TiN/C

asymmetric SCs powering a stopwatch in the (h) off and (i) on states.
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Figure 8. (a) Charge/discharge curve of TiC/C//TiN/C asymmetric SC at 1 A-g*. Ex situ XRD
patterns of (b) the TiN/C electrode and (c) the TiC/C electrode at different voltages marked in (a).
TEM images of the TiN/C electrode at (d) 0.3 V and (e) 1.8 V under the charge process, and (f)
0.3 V under the discharge process. TEM images of the TiC/C electrode at (g) 0.3 V and (h) 1.8 V

under the charge process, and (i) 0.3 V under the discharge process.
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